Mechanotransduction is important for mesenchymal regeneration and differentiation. Exaggerated high or very low impact yields pathological outcome resulting in fracture or tissue atrophy. Pathological strain in animal models was described but tools to dissect the respective stimuli and downstream pathways are limited. We expand the analytical tools to describe DNA strain response elements in a reporter gene approach. Deletion constructs of the human cysteine-rich protein 61 (CYR61) promoter were cloned into luciferase vectors and stably transfected into human telomerase-immortalised mesenchymal stem cells (hMSC-TERT). Cells were mechanically stimulated with variable frequencies, amplitudes and durations. Promoter activity was determined as well as CYR61 mRNA and protein expression. In silico promoter analysis identified putative transcription factor binding sites, one of which was a cAMP response element, verified by electrophoretic mobility shift assay. We demonstrate for the first time that the activity of promoter regions is inhibited in low, but stimulated in high frequency stimulations. We conclude that by varying conditions of mechanical strain it is possible to characterize stimulatory versus inhibitory strain on cellular levels. Our work may be helpful in future studies to dissect the molecular pathways of physiological versus pathological strain and may have implications for clinical exercise based treatment strategies.
A B S T R A C T
Mechanotransduction is important for mesenchymal regeneration and differentiation. Exaggerated high or very low impact yields pathological outcome resulting in fracture or tissue atrophy. Pathological strain in animal models was described but tools to dissect the respective stimuli and downstream pathways are limited. We expand the analytical tools to describe DNA strain response elements in a reporter gene approach. Deletion constructs of the human cysteine-rich protein 61 (CYR61) promoter were cloned into luciferase vectors and stably transfected into human telomerase-immortalised mesenchymal stem cells (hMSC-TERT). Cells were mechanically stimulated with variable frequencies, amplitudes and durations. Promoter activity was determined as well as CYR61 mRNA and protein expression. In silico promoter analysis identified putative transcription factor binding sites, one of which was a cAMP response element, verified by electrophoretic mobility shift assay. We demonstrate for the first time that the activity of promoter regions is inhibited in low, but stimulated in high frequency stimulations. We conclude that by varying conditions of mechanical strain it is possible to characterize stimulatory versus inhibitory strain on cellular levels. Our work may be helpful in future studies to dissect the molecular pathways of physiological versus pathological strain and may have implications for clinical exercise based treatment strategies.
Introduction
Mechanotransduction is an important physical cue that profoundly influences stem/precursor cell commitment, differentiation and maturation. It is almost ubiquitously found in tissues, may be with the exception of solid organs that are less subject to mechanical strain, such as the brain, the liver and the spleen. Although the phenomenon that "form follows function" has been known for centuries [1] , it is only during the last two decades that a wealth of new data in molecular biology has been reported that explains and fosters "biomechanics" in the sense of "mechanobiology" [2, 3] . Various types of mechanical "stress" have been described that can induce more or less specific responses in cells and tissues when mechanical forces are applied, as cyclic stretching, compression and fluid flow shear stress.
In mesenchymal cells and tissues mechanical strain regulates differentiation and maturation of skeletal precursors [4] . Homogenous cyclic stretching, random multidirectional stretching and compression may cause variable patterns of gene regulation. In mature cells of bone and the vasculature, fluid flow shear stress modulates gene expression, which influences fracture resistance and pulse resistance, respectively [5, 6] .
The present view of mechanotransduction is that it activates membrane-associated signalling systems such as receptors, channels and ligand-sensitive channels. Second messenger transduction pathways like ion fluxes and signalling pathways as phosphorylation cascades ultimately lead to activation of transcription factors, which finally are the final mediators of gene regulation via mechanical cues. Prominent examples for mechanoresponsive kinase systems are ERK1/ 2 and ERK5 phosphorylation as well as activation of the AP-1 and SP-1 transcription factor complexes. Genes like prostaglandin endoperoxide synthase 2 (PTGS2), midkine and members of the CCN-family of proteins like CYR61/CCN1 and connective tissue growth factor CTGF/ CCN2 have been described to be mechano-responsive [7] [8] [9] [10] .
Having demonstrated the robust response of cells and tissues to mechanical input one did, however, not yet differentiate between physiological and pathological strain. We do know that exaggerated high impact leads to tear or fracture and very low impact produces hypotrophy/atrophy, but there is no in depth analysis of tissue-and milieu-specific "healthy" strain application in terms of amplitude, frequency and chronological patterns. The clinical relevance of such data is demonstrated by the results of application of "vibration" regimens that may either propagate or inhibit tissue regeneration. We have recently published results of low amplitude high frequency vibration on fracture healing in mice, where -dependent on the vibration frequency and/or the hormonal milieu -the resulting mechanical strain either stimulated or inhibited bone formation, regeneration and fracture healing [11, 12] , possibly indicating that biochemical cues determine if identical mechanical input is beneficial or detrimental. On the cellular level the present state of the art suggests that "pathological" mechanical stimuli in the sense of overload may also stimulate fibrotic responses instead of regeneration, while unloading favours atrophy [2] . Hence, systems to dissect the tissue response in association with physical cues are urgently needed.
We have previously cloned and partially characterised the promoter of CYR61/CCN1, a matricellular protein active in stem cell expansion, migration and in early angiogenesis [13] . The transcription and hence the promoter activity of this immediate early gene has been shown to respond to mechanical stimulation, e.g. in smooth muscle cells and in osteoblast precursors [10, 14] our unpublished results). There might even exist a differential regulation of various CCN family members (CYR61, NOV and CTGF) on mechanical strain as a putative cue to unravel pathogenic stimuli [10, 15] .
Dissecting mechanical cues and their effects on the cellular and subcellular level requires sophisticated test systems that allow for ex vivo test applications using well-designed cell culture dishes, bioreactors and microscopic techniques that allow for controlling the consistency of the "stress" applied at the micro-and nanostructural level [16, 17] . We have previously described a well-defined system using reporter gene constructs to analyse the effect on mechanosensitive DNA response elements [16] . We here extend our experimental setting to promoter bashing experiments using reporter gene constructs in immortalized transgenic cell lines in order to characterize mechanoresponsive DNA elements or stretches in respective promoter regions, dissecting inhibitory from stimulatory strain. Taking the mechanoresponsive CYR61 promoter as an example we analyse the response of promoter fragments to cyclic stretching protocols as a means of classical promoter bashing.
Materials and methods

Cell culture
Media for cell culture and FCS were obtained from Life Technologies GmbH (Darmstadt, Germany). Telomerase-immortalised human mesenchymal stem cells (hMSC-TERT) were cultivated as described [18] in Earle's minimal essential medium containing 10% FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin). HEK-293 cells were cultivated as described [19] in DMEM high glucose containing 10% FCS and 1 mM pyruvate (Sigma Aldrich GmbH, Munich, Germany). All cells were grown at 37°C in a humidified atmosphere consisting of 5% CO 2 and 95% air.
Cloning of cyr61 promoter fragment constructs
The Lambda Phage clone LLNLP709J23219Q2 [13] was used as template for PCR with the following primers, which were purchased from Biomers (Ulm, Germany): Reverse: 5′-ATC GAGATCT GGAGAAGGCGGAGGGCGCGGGCGCTGCTC-3′; Cyr5′-delC: 5′-ATCG AGATCTAATGGAGCCAGGGGAGGCG-3′; Cyr5′-delB: 5′-ATCGAGAT CTCAACTACCATCACCACCATCACG-3′; Cyr5′-delA: 5′-ATCGAGA TCTCTGTGGGTATTAATTTGCAATTC-3′; Cyr full length: 5′-ATCGA GATCTCTCCCCGCGTTCGTTTCCTC 3′.
Resulting PCR-products were cloned into the TOPO pCR™2.1 vector. The promoter fragments were XhoI/HindIII respectively XhoI/AflII cloned into the luciferase reporter vector pGL4.14 [luc2/ Hygro] (Promega GmbH, Mannheim, Germany) (all restriction endonucleases from New England Biolabs, Frankfurt am Main, Germany) and sequenced with the RVprimer3 (Promega GmbH) by dye terminator sequencing using the ABI 310 capillary sequencer as described previously [16] . Constructs were used for establishing stable hMSC-TERT cell lines.
Establishing stable hMSC-TERT-cyr61 clones
5×10
5 hMSC-TERT cells were seeded into two wells of a 6-well plate and cultured overnight in serum-containing medium. 5 µg of SacII linearised pGL4.14 vectors were mixed with 7 µl lipofectamine 2000 in a volume of 350 µl serum-free medium and incubated for 30 min according to the protocol (Thermo Fisher Scientific, Darmstadt, Germany). The DNA-lipofectamine mixture was diluted 1:2 with serum-free medium and 300 µl were added to each well. After incubating the cells for 5 h the medium was replaced with serumcontaining medium. 24 h post transfection 50 µg/ml hygromycin was added to select positive hMSC-TERT-cyr full length, hMSC-TERTcyr5′-delA, hMSC-TERT-cyr5′-delB, hMSC-TERT-cyr5′-delC and hMSC-TERT clones containing the empty pGL4.14 [luc2/Hygro] vector (hMSC-TERT-control).
To control stable integration, genomic DNA was isolated from hMSC-TERT cells using the QiAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions. PCR was performed with 50 ng genomic DNA using a PTC-200 Peltier thermal cycler (Bio-Rad Laboratories GmbH) in a volume of 50 µl (forward primer: RVprimer3 localised from base 5790 to base 5809; reverse primer 5′-TCATGGCTTTGTGCAGCTGC-3′, localised from base 171 to base 190 of the pGL4.14[luc2/Hygro] vector). Genomic DNA was amplified with GoTaq DNA polymerase purchased from Promega GmbH (Mannheim, Germany). PCR bands were sequenced with the RVprimer3 as described above.
Biochemical activation
3×10
4 cells per well were seeded on 24-well plates and stimulated on the following day with 10 nM dexamethasone, 10 µM forskolin (both Sigma Aldrich GmbH) or 10 ng/ml TNFα (PeproTech GmbH, Hamburg, Germany). Cells were harvested after 48 h.
Cyclic stretching of hMSC-TERT cells and luciferase assay
For cyclic stretching, 3×10 4 cells per well were seeded on 24-well polyurethane (PU) plates. After 48 h cultivation cyclic stretching was performed for 0.5 h stimulation/1 h rest/0.5 h stimulation at 0.05-2 Hz and 0.5-2% extension by using a bioreactor previously described [16] (data not shown). After stretching and cultivating the cells for another 24 h, cells were harvested and lysed in 150 µl Reporter Lysis Buffer (Promega GmbH). 20 µl of each extract was analysed for luciferase activity using the reporter gene assay provided by Promega GmbH in an Orion II Luminometer (Berthold Detection Systems, Pforzheim, Germany) in 96-well plates. Relative light units were normalised to protein content determined by using RotiQuant Protein Assay (Carl Roth GmbH, Karlsruhe, Germany) and the data from four wells were used to calculate the mean value. All results were normalised to luciferase values obtained from hMSC-TERT cells stably expressing the empty pGL4.14 vector described in [16] .
Cyclic stretching of hMSC-TERT cells and Western Blot
For cyclic stretching, 5×10 5 cells per well were seeded on 4-well PU plates and pre-cultivated for 48 h. After stretching and cultivating the cells for different time courses as indicated, cells were washed twice with PBS and harvested in 200 µl lysis buffer (100 μM HEPES, 10 mM KCl, 2 mM MgCl 2 , 1 mM DTT, containing cOmplete™ proteinase inhibitor (Roche Diagnostics Deutschland GmbH, Mannheim, Germany). Cells were lysed by sonification followed by centrifugation at 13,000 rpm, 4°C for 30 s. Proteins were quantified by RotiQuant assay (Carl Roth GmbH, Karlsruhe, Germany). 20 μg protein were mixed with 3.75 µl loading buffer (RotiLoad, Carl Roth GmbH) and denaturated by boiling for 5 min. Samples were separated on 12% SDS polyacrylamide gels, 375 mM Tris, pH 8.8, 0.1% SDS in 192 mM glycine, 25 mM Tris, 0.1% SDS, pH 8.8. Proteins were electroblotted for 2 h at 20 V, 4°C to a stabilized nitrocellulose membrane (Optitran BA-S, Schleicher and Schuell, Dassel, Germany) using a Mini Protean unit (BioRad, München, Germany). Membranes were blocked with 3% nonfat milk powder or 5% BSA in TTBS buffer (0.1 M Tris, 150 mM NaCl, 0.1% Tween-20), respectively and incubated with hCYR61 (sc-13100, 1:100, Santa Cruz Biotechnology, Heidelberg, Germany) and cyclooxygenase (COX) IV (3E11 Rabbit mAB, #4850, 1:20,000, Cell Signalling, Leiden, The Netherlands) primary antibodies, respectively, diluted in blocking solution overnight at 4°C. Membranes were washed 3×15 min with TTBS followed by an incubation for 2 h at room temperature with the secondary anti-rabbit IgG-horseradish peroxidase antibody (SH A0545 Sigma Aldrich GmbH) diluted 1:2000 in TTBS solution. After another washing for 3×15 min with TTBS specific staining was detected using the chemiluminescence (ECL) system (VWR International GmbH, Darmstadt, Germany). Bands of four independent experiments were quantified by densitometry using the LTF Bio 1D software (LTF, Wasserburg, Germany). COX IV expression was used for normalisation.
Cyclic stretching of hMSC-TERT cells and quantitative RT-PCR
For cyclic stretching, 5×10 5 cells per well were seeded on 4-well PU plates and pre-cultivated for 48 h. After stretching and cultivating the cells for different time courses as indicated, cells were harvested and total RNA was isolated by using the NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions. One microgram of total RNA was reverse-transcribed with MMLV reverse transcriptase (Promega GmbH) in a volume of 25 µl and diluted to 250 µl. Quantitative PCR (qPCR) was performed in 20 µl by using 2 µl of cDNA and 10 µl of KAPA SYBR FAST qPCR Universal Mix (peqlab Biotechnologie GmbH, Erlangen, Germany) and 1.5 µl of primer pairs for human CYR61. Primers for qPCR were obtained from biomers.net GmbH, Ulm, Germany and were used in a concentration of 0.5 pmol each per reaction. Sequences were as follows: RPS27A_218for: 5′-TCGTGGTGGTGCTAAGAAAA-3′; RPS27A_359rev: 5′-TCTCGACGAAGGCGACTAAT-3′ as a housekeeping gene [20] ; hCYR61_for: 5′-ACGAGTTACCAATGACAACC-3′; hCYR61_rev: 5′-CCAGCGTAAGTAAACCTGAC-3′; qPCR conditions were as follows: 95°C for 3 min; 40 cycles: 95°C for 10 s; 57°C (hCYR61) and 60°C (RPS27A), respectively for 10 s; 72°C for 10 s; followed by melting curve analysis for specificity of qPCR products. qPCR was performed with the Opticon DNA Engine (MJ Research, Waltham, USA). Data were obtained from three to four independent experiments and qPCRs were performed three times. Differences were calculated with the ΔΔct method, significances were obtained with the student´s t-test.
Electrophoretic mobility shift assays
The interaction of HEK-293 nuclear proteins with oligonucleotides corresponding to putative cAMP response elements (CRE) with the CREB consensus sequence 5′-AGAGATTGCCTGACGTCAGAGAGCTAG-3′ (sc-2504, Santa Cruz Biotechnology, Heidelberg, Germany) and the putative CREB site found in the human CYR61 promoter construct cyr5′-delC (5′-AGACAGAGCCGACGTCACTGCAACACG-3′), were analysed by electrophoretic mobility shift assays. HEK-293 cells were seeded in 25-cm 2 flasks
and stimulated with 10 µM forskolin (Sigma Aldrich GmbH) for 90 min. Cells were washed twice with ice-cold phosphate-buffered saline and nuclear extracts were prepared according to a modified protocol of Grandison et al. [21] . 15 µg of nuclear cell extracts were incubated in a reaction buffer of 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.2% Nonidet P-40, 5% glycerol containing 0.5 µg of poly(dIdC), and 500 ng of Atto-532 5'-labeled double-stranded oligonucleotide comprising the putative CREB binding sites in a volume of 20 µl for 30 min at 4°C.
For competition experiments, a 5-fold molar excess of unlabeled oligonucleotide was added to the reaction mixture before the addition of reaction buffer. For supershift experiments, 1 µl of polyclonal antibody (Merck Milipore, Darmstadt, Germany) against CREB-1 (p43) was added to nuclear extracts 30 min before adding the labeled oligonucleotide and incubated in reaction buffer at 4°C. Reaction mixtures were analysed by non-denaturing polyacrylamide gel electrophoresis and fluorescence detection with a Fusion SL detection system (Peqlab GmbH, Erlangen, Germany).
Results
3.1.
Cloning of reporter gene constructs using the sequentially 5´-deleted CYR61 full-length promoter constructs yields transgenic cell lines of hMSC-TERT cells that can be stimulated by biochemical cues Fragments of the CYR61 promoter were cloned into the pGl4.14 vector and transfected into hMSC-TERT cells as described in the Materials and Methods section. Applying respective selection media, we obtained hMSC-TERT cell lines stably expressing luciferase constructs under the control of CYR61 promoter deletion constructs, spanning bases from the putative transcription start site 0 to −208 (cyr5′-delC), 0 to −449 (cyr5′-delB), 0 to −786 (cyr5′-delA) and 0 to −934 (cyr full-length).
In order to verify if the promoter constructs also respond to biochemical cues known to enhance CYR61 production we treated the cells containing the full-length and the cyr5′-delC construct with TNFα and dexamethasone (Dexa). In the presence of Dexa or TNFα a significant stimulation of the promoter reporters could be observed, indicating that the constructs do respond to biochemical stimuli and are also functional in terms of response to classical transcription factors as reported earlier, although in a different cell context [22] . Forskolin (For), a known activator of adenylate cyclase, diminished the activity of both, the full-length and the cyr5′-delC construct (Fig. 1). 3.2. 5′-deletion constructs of the full-length CYR61 promoter fragments show differential sensitivity to cyclic stretching regimens
Amplitude responsive sites and events
When we applied cyclic stretch at 1 Hz with varying amplitudes applying our standard stimulation protocol (stimulation for 0.5 h/1 h rest/stimulation for 0.5 h), the activity of the CYR61 full-length promoter construct was inhibited at an amplitude of 0.5%, while 1% and 2% amplitudes had a stimulatory effect on luciferase activity. In all 5′ deletion constructs, an inhibitory effect at 0.5% amplitude/1 Hz frequency was observed, while promoter stimulation could be achieved at 1%, 1 Hz only in cyr5′-delB and at 2%, 1 Hz only in cyr5′-delA and cyr5′-delB constructs. All other regimens had no effect on promoter activity, especially in cyr5′-delC, where no increase in luciferase activity could be achieved. The stimulation with an amplitude of 2% was fostered by effectors binding to cyr5`-delB, the repressive site in the cyr5`-delC construct obviously determined repression at low amplitudes even in the context of the full-length construct. It was derepressed by higher amplitudes and this occurred already at 1 Hz, which could be seen in all constructs (Fig. 2a-d ).
Frequency-responsive sites and events
When applying variable frequency at an amplitude of 1%, there was also a differential response of the various stretching regimens. Low frequency stretching at 0.05 Hz (0.5 h stimulation/1 h rest/0.5 h stimulation) had repressive effects in the cyr5′-delC fragment, while 0.5 Hz was stimulatory and 2 Hz were neutral. Effectors in the upstream sequences neutralised repressive activity and enhanced the stimulatory activity of higher frequencies, while finally in the full length promoter the pattern remained that 1 Hz was the most active stimulatory condition in this setting (Fig. 2a-d) .
Duration-responsive sites and events
The duration of stretching was changed to 2 h without rest and 1 Hz and 2 Hz at 1% stretching were applied. Again we found that sites in the cyr5`-delC stretch mediate considerable stimulation of activity at the higher frequency and this pattern was kept and stabilized when upstream sequences contributed to the scenario of binding proteins at the regulatory sites. These data are again in favour of the sites in the cyr5`-delC construct being the determinants of the cross pattern of regulation while several others modulated and stabilised this pattern.
CYR61 mRNA and protein expression in hMSC-TERT cells are modulated by mechanical stimulation
For mRNA analysis hMSC-TERT cells were seeded on 4-well polyurethane dishes and were mechanically stimulated with 1 Hz and 0.5% and 2% extension for 30 min, respectively. Cells were harvested after 4 h and the mRNA expression of CYR61 was quantified by realtime PCR. Application of 0.5% extension led to a significant downregulation of Cyr61 expression, corresponding to the luciferase data shown above, while 2% extension increased Cyr61 expression, although without significance (Fig. 3) . Values were calculated as means of five independent experiments and normalised to RPS27A expression as a housekeeping gene, PCR reactions were repeated three times.
For protein analysis hMSC-TERT cells were seeded on 4-well polyurethane dishes and were mechanically stimulated with 1 Hz and 0.5% and 2% extension for 30 min, respectively. Cells were harvested after 48 h and the protein expression of CYR61 was analysed by Western blot. Application of 0.5% extension led to a downregulation of Cyr61 protein, corresponding to the luciferase and mRNA data shown above, while 2% extension increased Cyr61 expression. COX IV was used as a housekeeping protein. Experiments were repeated twice. A representative blot is shown in Fig. 4. 
In silico based CYR61 promoter analysis reveals a wealth of putative response elements including known mechanoresponsive elements
In silico analysis of a 934 bp fragment of the CYR61 promoter using Matinspector software [23] revealed numerous response elements, some of which are putatively mechanoresponsive. We analysed the promoter with both high and low stringency and lower stringency analysis revealed a partially overlapping NFκB binding site on both strands, which according to present knowledge represents a putatively mechanoresponse element (Fig. 5) . Around 40 bp downstream, an early growth response (EGR) element was identified, which may also represent a mechanoresponsive element according to the literature [24, 25] (Fig. 5b) . A second EGR binding site was identified on the reverse strand, which partially overlaps with the zinc finger site localization and is described by the program in up to six different variants within the almost identical region (downstream end 1204-1213), possibly indicating a certain flexibility of binding in variable protein assemblies. High stringency results and mechanoresponse elements of the leading strand for full length, cyr5′-delA, cyr5′-delB and cyr5′-delC are demonstrated in Fig. 5a . Sequential promoter 5′-deletion constructs allowed for separate analysis of several distinct fragments of the full length construct.
5′-deletion construct A (cyr5′-delA, 786 bp) comprised several binding sites for homeodomain proteins on the leading strand, such as the homeodomain proteins Msh Homeobox 1 and 2 (MSX-1, MSX-2), which might be mechanoresponsive [26] . Further, a transcription factor/lymphoid enhancer binding factor 1 (TCF/LEF-1) binding site was identified on the reverse strand, which would indicate a response to the wnt signalling pathway, which is associated to mechanoresponse via its inhibitor sclerostin [27] . A relatively strong AP-1 element on both strands was found from 1338 to 1348, indicating that there is a robust mechanoresponse region. A second mechanoresponse region is represented by a serially localised EGR domain on the reverse strand between bases 1606 and 1662.
5′-deletion construct B (cyr5′-delB, 449 bp) comprises binding sites for mechanoresponsive transcription factors e.g. an overlapping nuclear factor of activated T cells (NFAT) [28] and Cas interacting zinc finger (CIZ) [29] binding site on the leading strand, as well as a downstream located SRY (Sex Determining Region Y)-Box (SOX) binding site [30] , which overlaps to the smaller construct cyr5′-delC and is disrupted by the cloning procedure of cyr5′-delC.
In 5′-deletion construct C (cyr5′-delC, 208 bp) the Matinspector analysis recognized a cyclic-AMP responsive binding protein (CREB) binding site in addition to a previously identified CREB site that was described to be the main mechanoresponse element in cooperation with a myocardin-related transcription factor A (MRTF-A) site in this promoter. However, this element is located 1174 bp upstream of the 5′-end of our cyr full-length construct [8] . We identified however an overlapping additional element in close vicinity to this CREB element upstream and the TATA box downstream, representing a reverse EGR response site. Since this promoter fragment seemingly rather dominantly determined the mechanoresponse of the whole promoter (see Fig. 1 . Modulation of luciferase activity in the stable full-length promoter cell line (a) and in the cyr5′-delC cell line (b) following treatment with dexamethasone, TNFα and forskolin. In spite of the absence of a classical NFκB site in the cyr5′-del C segment this construct reacted markedly when treated with TNFα, while cyr full-length was only borderline stimulated in spite of the presence of a classical NFκB response element. All constructs are biologically active. Data are shown as means of quadruplicates of four independent experiments ± standard deviation. All results were normalised to luciferase values obtained from hMSC-TERT cells stably expressing the empty pGL4.14 vector (data not shown). Significances were calculated with the student's t-test (*: p < 0.05; **: p < 0.005). (For: Forskolin; Dexa: dexamethasone; TNFα: tumour necrosis factor α).
below) we analysed it also with lower stringency. We detected a region within a short fragment of DNA of about 60 bp length, where competing binding sites overlapped with the CREB and the EGR response site, representing sites for e.g. CREB binding proteins (CBP) (Fig. 5) . The here described putative CREB site was further characterised by electrophoretic mobility shift assay.
CREB binds to DNA responsive elements localised in the cyr5′-delC construct
For analyses of CREB binding to putative responsive elements within the cyr5′-delC construct HEK-293 cells were stimulated with forskolin, nuclear extracts were isolated and DNA/protein interaction Fig. 2 . Mechano-responsiveness of different cyr promoter deletion constructs. The reporter gene activity using 5′-deletion constructs is depicted when stimulated with variable modulations in amplitude, frequency and duration of cyclic stretching. The basal activity of the stably transfected reporter construct varies, but is set 100% in these figures (red line) to demonstrate the modulation from basal conditions by variable stretching regimens. Data are shown as means of quadruplicates of four independent experiments ± standard deviation. All results were normalised to luciferase values obtained from hMSC-TERT cells stably expressing the empty pGL4.14 vector (data not shown). Significances were calculated with the student's t-test (*: p < 0.05; **: p < 0.01; x: p < 0.06).
was investigated by electrophoretic mobility shift assay. After stimulation with the adenylat cyclase activator forskolin binding of nuclear extracts to oligonucleotides comprising the classical CREB consensus element were increased (lane 1 and 2, Fig. 6 ). Addition of an unlabeled oligonucleotide diminished the intensity of the retarded band, which demonstrated the specificity of the DNA binding (lane 4, Fig. 6 ). CREB protein binding to the CREB consensus element was specifically detected with a supershift assay by using an antibody against CREB (lane 5, Fig. 6 ). In terms of the putative CREB element identified within the cyr5′-delC construct specificity was again confirmed by competing the DNA binding with an unlabeled oligonucleotide (lane 7, Fig. 6 ) and with a supershift assay by using a CREB antibody (lane 8, Fig. 6 ). These results demonstrate that the cyr5′-delC constructs comprises a functional CREB DNA binding element, which might mediate mechanoresponsiveness of the CYR61 promoter.
Discussion
We have developed and described a bioreactor system and artificial luciferase reporter gene constructs, which are suitable to analyse mechanotransduction in cell lines and primary cells. Here we were able to show that different responsive elements as AP-1 and SP-1 respond differentially to variable frequencies and amplitudes [16] . Now we extend our analyses to a native promoter of a known mechanoresponsive gene and we are able to show that it is possible to localise stimulatory as well as inhibitory mechanoresponsive elements by classical promoter bashing analyses. These elements can be addressed by varying the frequency and the amplitude of mechanical stimulation as we have observed already by using our artificial AP-1 and SP-1 responsive element constructs.
We, earlier, had cloned and described the promoter region of CYR61/ CCN1 [13] , which was described to be mechanoresponsive [8] , and we took advantage of this knowledge to test the possibility of performing classical promoter bashing experiments using mechanical stimulation.
It is well known, that promoter activity can be modulated by biochemical cues, but also by mechanical stimuli such as compression, cyclic stretching and fluid flow. The latter is very important in osteocytes, which extend processes in canaliculi, filled with fluid, and this process significantly contributes to bone mass maintenance [31] . The mechanism of action at the subcellular level involves the primary cilium, which is present in a small fraction of bone derived cells and when moved activates channels and kinases to modulate transcription [32, 33] . Mechanical signals are generally transformed into biochemical signals via second messenger mechanisms such as calcium flux and phosphorylation cascades, which usually end up in nuclear translocation of transcription factors and their binding to specific DNA sites, not to neglect however protein/protein binding at the nuclear level as a means of transcription modulation. Using DNA binding assays and pull down strategies in combination with the identification of mechanoresponsive genes, binding sites of transcription factors in their respective promoters could be identified to be "mechanoresponsive". This resulted in the identification of several transcription factors and complexes like SP-1 and AP-1 as being mechanosensitive and their crosstalk with other transcription factors could be dissected as we were able to show with the estrogen receptor [34] . In view of the difficult and indirect approach of such research, we aimed to fabricate easy to engineer reporter gene constructs, which could both be under the control of classical response elements but also of promoter fragments to analyse their mechanosensitivity. We can demonstrate here, that it is feasible to analyse promoters and their fragments using such reporter gene constructs. When applied in downscaled bioreactor systems one can reach a considerable enhancement of biomechanical analyses in terms of throughput.
Our reporter gene constructs are both functional for biochemical (TNFα and dexamethasone) and physical cues (frequency and amplitude) and may even be suitable for single cell analyses and the analysis of forces that are generated during cell migration. Using the genetic engineering tools, which are easily accessible, one can imagine numerous applications in different systems. In this context, it is certainly reassuring that we can demonstrate a reasonable congruence of the reporter gene results with transcription modulation in the natural promoter context using hMSC-TERT cells as a model. These reporter systems, if titrated in terms of basal activity, may not only reveal stimulation, but also repression. To the best of our knowledge, we can for the first time identify negative regulatory elements in DNA fragments activated by cyclic stretching. Moreover, we can even demonstrate repressive and stimulatory activity in the same site depending on the amplitude and frequency of cyclic stretching. It is not well known to date, which type of mechanical stimulation in terms of amplitude, frequency and duration is still physiological or where pathological strain begins, causing fatigue failure, pathologic hypertrophy and resistance, aberrant cell differentiation or even apoptosis. The identification of repressive versus stimulatory effects of physical forces might help to unravel such phenomena. The latter might also be clinically extremely relevant since for example mechanical stimulation is propagated as a supportive treatment in fracture healing. We recently were able to demonstrate that physical forces can both stimulate and abrogate bone fracture healing depending on the hormonal environment when using low amplitude high frequency stimulation via whole body vibration [11, 12] . The data presented here now demonstrate that varying the physical in terms of frequency and amplitude under constant biochemical conditions mechanical strain can produce opposite effects via distinct promoter regions. Fig. 3 . Cyr61 mRNA expression after mechanical stimulation. hMSC-TERT cells were mechanically stimulated and Cyr61 expression was analysed by qPCR. Data are shown as means of four independent experiments calculated with the ΔΔct method by normalisation to the housekeeping gene RPS27A ± standard deviation, PCR reactions were repeated three times. Significances were calculated with student's t-test (*: p < 0.05). A diagrammatic representation of some transcription factor binding sites that are predicted to be located on the cloned 934 nucleotide sequence of the human CYR61 promoter (bold letters: leading strand; normal letters: reverse strand). b: Sequence of the cloned cyr full-length construct, which was described by [13] with the main responsive sites, marked in grey, and the translation start site.
Conclusions
In conclusion we developed a mechanoreporter system, which, together with a suitable well standardised bioreactor system, allows for rapid and relatively high throughput analyses of the influence of mechanical cues on transcription of key molecules that trigger adaptive processes in many organ systems like the cardiovascular and the pulmonary system and of course musculoskeletal tissues. Even more, such mechanisms may also play a role in tumour biology and invasiveness [35] . These systems may speed up the molecular dissection of mechanobiology as a rapidly developing field and may help to molecularly define pathological versus physiological strain on a cellular level. The clinical consequences of such knowledge are numerous and will have influence on exercise-based support of tissue formation as well as orchestrating adaptation processes that avoid fatigue destruction and favour formation and regeneration of healthy tissue.
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